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We present micromagnetic simulations of the dynamic GHz-range resonance modes of skyrmions
excited by either out-of-plane ac magnetic fields or spin torques in prototypical synthetic ferri-
and antiferromagnetic trilayer structures. The observed features in the calculated power spectra
exhibit a systematic dependence on the coupling strength between the individual magnetic layers
and are related to pure in-phase and anti-phase breathing modes as well as to hybridizations of
breathing and spin-wave modes that are characteristic for the considered circular-shaped geometry.
The experimental detection of these resonant oscillation modes may provide a means for skyrmion
sensing applications and for the general characterization of skyrmion states in multilayer stacks with
antiferromagnetic interlayer exchange coupling.
I. INTRODUCTION
Magnetic multilayers that combine strong spin-orbit
interaction with broken inversion symmetry can give rise
to the presence of topologically nontrivial spin textures,
so-called magnetic skyrmions [1, 2], at room tempera-
ture [3]. Several studies have indicated strongly enhanced
propagation velocities of skyrmions in antiferromagnets
(AFMs) and compensated ferrimagnets [4–6]. Further-
more, only recently has the stabilization of antiferromag-
netic skyrmions in synthetic AFMs been demonstrated
experimentally [7–9]. Despite the widely acknowledged
superiority of such systems over ferromagnets—mainly
owing to the fast current-driven motion of skyrmions
due to the suppression of the skyrmion Hall effect, and
the possible stabilization of very small-sized skyrmions—
there still exist a number of challenges with regard to
the realization of technological applications based on this
particular class of multilayer structures. For instance,
a straightforward electrical detection of skyrmions in
all types of materials is highly challenging due to the
small size of the measurement signal [10], while magnetic
sensing of these spin textures in systems with vanish-
ing magnetization is naturally impractical. A promis-
ing approach towards the detection and detailed char-
acterization of skyrmion states in (synthetic) antiferro-
magnetic and compensated ferrimagnetic multilayers is
given by harnessing the intrinsic resonances of skyrmions,
such as breathing modes, which entail an oscillation of
the skyrmion size at characteristic GHz frequencies [11–
15]. More specifically, in analogy to previous works
on the spectral analysis of topological defects in ar-
tificial spin-ice lattices [16], the application of broad-
band microwave impedance spectroscopy may offer a
direct means for skyrmion sensing, that is, ascertain-
ing the presence or absence of skyrmions and possibly
even quantifying skyrmion densities. In addition to that,
measurements of magnetoresistive or anomalous Hall ef-
fect signals modulated by the periodic oscillation of the
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skyrmion size constitute—in analogy to previous work
on magnetic vortices [17]—a promising approach towards
electrical skyrmion detection with a high signal-to-noise
ratio. However, in order to reliably exploit the breathing
modes for electrical detection or other applications, the
effect of magnetic compensation on these dynamic exci-
tations needs to be clarified. As will be discussed in the
present work, the excitation frequencies and magnitudes
of breathing modes are highly sensitive to the strength
of various competing magnetic interactions prevailing in
magnetic multilayers, and thus the experimental detec-
tion of these resonant excitations may help to determine
characteristic materials parameters such as exchange in-
teractions or anisotropies. In general, besides their util-
ity for skyrmion sensing, breathing modes were also dis-
cussed to be exploited as information carriers in data
processing devices [18–21]. Furthermore, it was demon-
strated that these dynamic excitations are also highly
relevant for skyrmion-based magnonic crystals [22, 23].
One example is given by the strong coupling of breathing
modes in one-dimensional skyrmion lattices in ferromag-
netic thin-film nanostrips, where the existence of in-phase
and anti-phase modes was demonstrated [20]. In de-
tail, the propagation of the breathing modes through the
nanostrips was shown to be controllable by the strength
of the applied magnetic field.
The present work is devoted to skyrmion breathing dy-
namics in synthetic antiferromagnets composed of ultra-
hin layers that exhibit a circular-shaped geometry. Pre-
vious theoretical studies have demonstrated that the dy-
namic excitation modes of skyrmions are strongly influ-
enced by the geometry of the considered system. For
instance, in the case of an ultrathin circular ferromag-
netic dot with a single skyrmion, the breathing modes
hybridize with the radial spin-wave eigenmodes of the
dot [24, 25]. For the case of synthetic AFMs, so far only
the gyration modes of skyrmions have been studied by
means of micromagnetic simulations [26]. In this case,
the application of time-varying in-plane magnetic fields
and the presence of antiferromagnetic coupling can lead
to clockwise (CW) and counterclockwise (CCW) rotation
modes as well as coupled excitation modes (CW-CW,
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2FIG. 1. Synthetic AFM structure consisting of two ferromag-
netic (FM) and one nonmagnetic (NM) circular-shaped layers
with thickness tNM = tFM = 1 nm and diameter d = 100 nm
for each disk. Ac and dc magnetic fields are applied along the
z-direction perpendicular to the layer planes.
CCW-CCW, and CW-CCW). However, breathing modes
in synthetic AFMs, which are excited by the application
of out-of-plane ac magnetic fields, have not been inves-
tigated yet. Even though in Ref. [27] the spin eigenex-
citations of a skyrmion in a collinear uniaxial antifer-
romagnetic thin film were investigated by means of nu-
merical and analytical methods, the dynamic behavior is
expected to be different in synthetic AFMs, where the in-
terlayer exchange coupling is much weaker than the direct
exchange in crystalline AFMs. In other words, there is
a stronger separation of the two magnetic subsystems in
synthetic AFMs, which also implies the presence of small
dipolar fields [7, 28]. Building on these numerous exist-
ing studies, in the present work we examine the charac-
teristic skyrmion breathing modes in antiferromagnetic-
exchange coupled disks using micromagnetic simulations
with the aim of providing guidance for the experimental
detection and practical application of these excitations.
II. SIMULATION MODEL AND METHODS
This study focuses on a synthetic antiferromagnetic
structure as depicted in Fig. 1. The top and bottom
layers are ferromagnetic materials which are separated
by a nonmagnetic metallic spacer layer. In analogy to
Ref. [26], the ferromagnetic layers are coupled via the
nonmagnetic spacer through a Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction which is modeled by the fol-
lowing energy term [29, 30]:
ERKKY =
σ
tNM
(1−mtmb) . (1)
Here, σ denotes the surface exchange coefficient which
depends on the thickness tNM of the nonmagnetic spacer
layer and is assumed to be negative throughout this work,
thus implying an antiferromagnetic coupling. Further-
more, mt and mb are the unit vectors of magnetization
for the top and bottom layer, respectively.
The static and dynamic states of the skyrmions in the
considered model system were studied by using the Ob-
ject Oriented MicroMagnetic Framework (oommf) code
[31, 32] which carries out a numerical time integration of
the Landau-Lifshitz-Gilbert (LLG) equation of motion
for the local magnetization:
dm
dt
= −|γ0|m×Heff + αm× dm
dt
. (2)
Here, γ0 denotes the gyromagnetic constant, α is the
Gilbert damping parameter, m is the unit vector of the
magnetization, and Heff is the effective magnetic field
which is proportional to the derivative of the total mi-
cromagnetic energy U with respect to the magnetization.
In our model, we assume that U includes the Zeeman
energy, the isotropic exchange interaction characterized
by the exchange stiffness A, demagnetization effects, a
uniaxial anisotropy perpendicular to the layers, and an
interfacial Dzyaloshinskii-Moriya interaction (DMI)
UDMI = D [mz (∇ ·m)− (m · ∇)mz] , (3)
where D is the DMI constant specifying the strength of
the interaction [33, 34].
In order to allow for direct comparability with results
for the single ferromagnetic dot considered in Ref. [24],
we utilized identical simulation parameters for the fer-
romagnetic layers studied in this work. Consequently,
each of the two layers corresponds to a model thin-film
perpendicular anisotropy system with an exchange stiff-
ness A = 15 pJ/m, perpendicular anisotropy constant
Ku = 1 MJ/m
3, saturation magnetization µ0Ms = 1 T
(unless specified otherwise), layer thickness tFM = 1 nm,
and disk diameter d = 100 nm. The RKKY-coupling
strength through the equally sized nonmagnetic spacer
layer is varied from σ = 0 to σ = −3 × 10−3 J/m2. The
strength of the interfacial DMI is fixed as D = 3 mJ/m2
for both ferromagnetic layers. This value is consider-
ably higher than in the case of Ref. [7], where D = 0.2–
0.8 mJ/m2, whereas it lies well within the parameter
range (D = 2.5–4.5 mJ/m2) utilized in Ref. [24]. As
demonstrated in Refs. [24, 35], higher DMI energy typi-
cally leads to larger skyrmion diameters. However, due
to the choice of a smaller Ms and larger A than in Ref.
[7], we expect to achieve comparable skyrmion diam-
eters. Here, a simulation mesh with 64 × 64 × 3 fi-
nite difference cells is defined, implying a cell size of
1.5625 × 1.5625 × 1 nm. The initial magnetization state
was assumed to be that of one Ne´el-type skyrmion in
each of the two ferromagnetic layers. The ground state
has been determined by relaxing the system for 5 ns with
a high damping constant of α = 0.5, whereby the time
evolution of the magnetization was monitored to confirm
that an equilibrium state has been reached. For most of
the simulations, a dc magnetic field µ0Hdc = 50 mT along
the perpendicular z-direction has been applied. As will
be shown further below, such a small symmetry-breaking
dc field solely increases the magnitude of certain dynamic
modes, but does not have any impact on the qualitative
conclusions that will also be valid for µ0Hdc = 0 mT.
Subsequently, the dynamics of the skyrmions was stud-
ied for the application of a spatially uniform time-varying
ac magnetic field Hac = H0 sin(2pift) along the z-axis,
where µ0H0 = 0.5 mT is the amplitude and f = 100 GHz
3the frequency. Simulations were performed for two dif-
ferent scenarios, which will be discussed in more detail in
Sec. III. In the first case, the ac field was applied across all
three layers, while in the second case only one magnetic
layer was exposed to the time-varying field. While the
first scenario is more realistic with regard to future ex-
perimental work, the second case will prove to be instru-
mental for a general understanding of the skyrmion dy-
namics in synthetic AFMs. It will be further shown that
the qualitative results for both pictures share many sim-
ilarities. Another important point is that the obtained
results are nearly identical regardless of whether the ac
field is applied over the entire simulation time or for only
a limited time period after which the data are recorded.
Moreover, we note that there exist further experimental
approaches to excite the GHz-range dynamic modes of
skyrmions, such as, for example the application of laser
or heat pulses [36], or spin torques. The latter will also
be incorporated into the micromagnetic simulations and
briefly discussed in the final part of Sec. III.
For the skyrmion dynamics simulations the damping
parameter has been chosen as α = 0.01 to ensure a good
frequency resolution of the excited modes. The dynam-
ics is simulated for at least 5 ns with data taken every
2 ps. Eventually, the power spectral density (PSD) of
the spatially-averaged z-component of the magnetization
〈mz〉(t) is calculated by using a fast Fourier transform
(FFT) algorithm. As a proof of concept, the results from
Ref. [24] for a single ferromagnetic layer had been repro-
duced before numerical calculations were conducted for
the synthetic AFM. In addition to the synthetic AFM tri-
layer, Sec. III also includes a discussion of micromagnetic
simulations carried out on a model system for a synthetic
ferrimagnet with unbalanced antiparallel moments in the
two ferromagnetic layers.
III. RESULTS AND DISCUSSION
A. Static Properties of Skyrmions in Synthetic
Antiferromagnets
As a first step, the ground states were calculated for
different antiferromagnetic coupling strengths at a dc
magnetic field µ0Hdc = 50 mT. The skyrmion core diam-
eter, here defined as twice the distance from the center
(|mz| = 1) to the point where mz = 0, is plotted against
the coupling strength |σ| in Fig. 2 for the top and the bot-
tom layer. Furthermore, skyrmion states for two selected
coupling strengths σ = 0 J/m2 and σ = −3× 10−4 J/m2
are illustrated. As shown in the top right of the diagram,
Hdc was applied along the positive z-direction. It can be
seen that at high coupling strengths the diameters of both
skyrmions are almost identical, dtop ≈ dbottom ≈ 40nm,
while towards lower values of |σ| the size difference in-
creases rapidly up to ∆d = dtop − dbottom ≈ 45nm for
σ = 0 J/m2. This can be explained by the magnetostatic
interaction becoming more relevant for the total micro-
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FIG. 2. Skyrmion core diameter plotted against the absolute
value of the antiferromagnetic coupling strength σ for the top
and bottom layer. Selected skyrmion ground states are shown
for σ = 0 J/m2 and σ = −3 × 10−4 J/m2 for the individual
layers. A dc magnetic field µ0Hdc = 50 mT was applied along
the positive z-direction as shown in the top right of the dia-
gram.
magnetic energy in the case of weaker interlayer exchange
coupling. More generally, as a result of the various com-
peting energy terms, the skyrmion size is also highly sen-
sitive to variations of other parameters such as the DMI
strength, the exchange stiffness or the saturation magne-
tization (see discussion further below). Even though the
DMI energy utilized in the present study is larger than
in the case of Ref. [7], due to the differences in other
parameters, such as A and Ms, we obtain similar values
for the skyrmion core diameter in the case of comparable
coupling strengths |σ| ≈ 2× 10−4 J/m2.
B. Breathing Modes in Synthetic Antiferromagnets
An overview of the dynamic response to an applied ac
magnetic field with f = 100 GHz and amplitude µ0H0 =
0.5 mT is given in Fig. 3. The calculated spatially-
averaged PSD of 〈mz〉(t) for the top (black curves), bot-
tom (red curves) and both layers (green curves) in the
particular case of σ = −2 × 10−4 J/m2 is shown in Fig.
3(a) as a function of frequency. The time-varying field is
either applied across the top layer, the bottom layer or all
layers. There are several distinct features at identical fre-
quencies for all three cases with only minimal differences
in the peak heights, except for the lowest-lying excitation
at f = 5.5 GHz, where in the case of the ac field being
applied across all layers the peak amplitude is strongly
suppressed. This feature can only be observed in an en-
larged plot, or alternatively occurs in a more pronounced
way when the frequency of the ac field is reduced un-
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FIG. 3. (a) Power spectral density (PSD) of 〈mz〉(t) calcu-
lated in the top, bottom, and both layers for a selected σ,
where the ac magnetic field with f = 100 GHz is applied ei-
ther across the top layer, bottom layer or both layers. (b)
Line shape of mode 1 in dependence of the excitation fre-
quency (PSD calculated for both magnetic layers).
til it matches the resonance frequency (not shown). It
will be discussed further below that sufficiently high dc
magnetic fields lead to an enhanced magnitude of this
lowest-lying excitation—even for the case that all layers
are exposed to the time-varying magnetic field. We em-
phasize that the peak magnitude and line shape of mode
1 strongly depend on the frequency of the ac magnetic
field. This can be seen in Fig. 3(b) for the case of the
ac field applied across the bottom layer. This indicates
that the interplay between the first mode and the other
resonant modes, which become activated towards higher
excitation frequencies, strongly affects the observed line
shape due to complicated phase relationships. For in-
stance, utilizing an excitation frequency resonant with
mode 2 results in a strong suppression of mode 1 (cf. or-
ange curve). Moreover, the activation of further higher-
order modes can change the symmetry of the resonance
peak. For some excitation frequencies, there is a pro-
nounced antiresonance adjacent to the resonance peak.
Figure 4(a) shows a map of the PSD as a function
of the antiferromagnetic coupling and the frequency for
the scenario that the ac field is only present in the top
layer. Notice that only the four lowest-lying resonance
modes are depicted. Furthermore, gaps in the individual
branches occur due to the discrete nature of the utilized
antiferromagnetic coupling strength σ. It is evident that
the characteristic frequencies of the resonances and an-
tiresonances shift towards higher values upon increasing
the interlayer coupling. This is further clarified in Fig.
4(b) for all eight resonance modes and the complete range
of the antiferromagnetic coupling strength σ. From this
logarithmic representation it is clear that mode 2 displays
the strongest increase in dependence of σ. Furthermore,
as will be proven by the following considerations, the ob-
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FIG. 4. (a) Map of the PSD as a function of the interlayer
exchange coupling strength |σ| and the frequency with an ex-
ternal ac magnetic field applied across the top layer. Only the
four lowest-lying resonance modes are shown. (b) Frequency-
dependent shift for all eight modes and the entire range of
|σ|.
served modes occur in pairs of interrelated resonances.
1. Visualization of Dynamic Modes
Hereinafter, the physical origin of the individual modes
will be discussed in detail. For this purpose, we consider
two-dimensional snapshots of the resonance modes for
the particular case of σ = −3 × 10−4 J/m2 and an ac
magnetic field with the respective mode’s excitation fre-
quency, applied only across the topmost layer. Figures
5(a) and (b) include contour plots illustrating the differ-
ence ∆mz in the magnetization component mz between
the ground state at t = 0 and an excited state with max-
imal amplitude 〈mz〉(tm) at a selected time tm for modes
1 to 3 in the top and bottom layer, respectively. For
the sake of better comparability of the dynamic excita-
tions in the two antiferromagnetically coupled layers, mz
in the bottom layer has been multiplied by a factor of
−1 at each position. The maximum change in mz is
denoted by +δmz (red color) and −δmz (blue color).
In Fig. 5(c), the time-dependent spatially-averaged z-
component of the magnetization, |〈mz〉(t)|, for each of
the two magnetic layers is shown. Green circles indicate
the selected tm for the snapshots. In the case of mode
1 (f = 6.0 GHz), the mz component in a ring-shaped
area increases for both the top and bottom ferromag-
netic disks, corresponding to a simultaneously increasing
skyrmion diameter in both layers. Therefore, mode 1 cor-
responds to a synchronized (in-phase) breathing motion
of the two skyrmions which originates in the magnetic
coupling between the individual layers. In contrast to
that, as indicated by the snapshots in the second column
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FIG. 5. Snapshots of resonance modes 1 to 3 shown in three
columns for σ = −3×10−4 J/m2 and a time-varying magnetic
field with the respective excitation frequency applied across
the top layer. Two-dimensional contour plots display the dif-
ference ∆mz in the magnetization component mz between the
ground state at t = 0 and an excited state with maximal am-
plitude 〈mz〉(tm) at a selected time tm for (a) the top and (b)
the bottom layer. (c) Absolute value of the time-dependent
spatially-averaged magnetization, |〈mz〉(t)|, for top and bot-
tom layers with arbitrary scaling of the y-axes. Green circles
indicate the selected tm for the snapshots.
of Fig. 5, mode 2 (f = 26.5 GHz) involves an anti-phase
skyrmion core oscillation. While mz increases within the
ring-shaped area in the top layer and thereby implies a
larger skyrmion core diameter than in the ground state,
mz in the bottom layer decreases, corresponding to a re-
duced diameter. For the case of σ = −3 × 10−4 J/m2,
the individual skyrmion core diameters oscillate between
39.2 nm and 42.0 nm. As a simplified classical analog, the
coupled skyrmion breathing motions may be viewed as
two harmonic oscillators of identical mass (e.g., pendula)
which are coupled (e.g., by a spring with spring constant
k) and subject to an external periodic driving force—cf.
the coupled gyration modes of magnetic vortices [37, 38].
Thus, the in-phase and anti-phase oscillations are two
normal modes of the system. By regarding the antiferro-
magnetic coupling strength σ as the analog of the classi-
cal spring constant k, it becomes immediately clear that
the increasing frequency splitting between the in-phase
and anti-phase breathing modes towards higher values of
|σ| (cf. Fig. 4) is fully consistent with the classical pic-
ture where the splitting is proportional to k. Lastly, this
classical model can also explain the presence of antireso-
nances in the power spectra—see, for instance, Fig. 3(b),
where this feature is most pronounced at higher excita-
tion frequencies—as this is a well-known phenomenon in
the physics of coupled oscillators.
The above-described behavior strongly resembles the
results in Ref. [20] for micromagnetic simulations of cou-
pled breathing modes in a one-dimensional skyrmion lat-
tice in thin-film nanostrips. However, a striking differ-
ence is that in the case of the synthetic AFM studied in
the present work, the in-phase breathing motion exhibits
a lower energy than the anti-phase oscillation, while the
reverse is true for coupled skyrmions in a nanostrip. As
presented in Fig. 4(b), the relationship between the cou-
pling strength σ and the resonance frequency is differ-
ent for the in-phase and anti-phase breathing modes,
and their energy difference can be controlled by varying
the antiferromagnetic coupling parameter, which, for in-
stance, in practice is related to the thickness of the spacer
layer. Towards lower absolute values of σ, the energy
splitting between the two modes becomes increasingly
smaller up to the point where for |σ| ≤ 1×10−5 J/m2 only
the in-phase mode can be identified unambiguously. Due
to the reduced (or even vanishing) interlayer exchange
coupling, the breathing mode amplitude in the bottom
layer is observed to be considerably smaller than in the
top layer which has been excited by the ac magnetic field.
Consequently, the anti-phase mode is not detectable in
this case. In analogy to the work on thin-film nanostrips
[20], the frequency splitting for the antiferromagnetically-
coupled skyrmions can also be explained by a symmetry
breaking of the potential energy profile compared to the
case of an isolated skyrmion as studied in Ref. [24]. In
fact, a similar behavior was also reported for coupled gy-
ration modes of magnetic vortices [39–41] and skyrmions
[42]. In all these cases, the in-phase motion exhibits a
lower energy than the anti-phase mode. The fact that
this is also true for breathing modes in a synthetic AFM
but the opposite effect is observed for dipolar-coupled
breathing modes in thin-film nanostrips [20] implies that
the frequency splitting is highly sensitive to the interplay
of various different magnetic interactions.
In addition to the pure breathing modes and similar to
the case of a single skyrmion in an ultrathin ferromag-
netic dot [24], the higher-order modes in Fig. 4 corre-
spond to the hybridization of the breathing motion with
geometrically quantized spin wave eigenmodes of the in-
dividual circular-shaped layers. Exemplary snapshots for
mode 3 (f = 37.5 GHz) in Fig. 5 illustrate such a hy-
bridization for the case of the synthetic AFM. In anal-
ogy to the pure breathing modes, each of the higher-order
hybridization modes also occurs in an in-phase and anti-
phase variation with different energies.
Lastly, we note that for the extended case of several
antiferromagnetically-coupled pairs of layers, additional
peaks emerge in the calculated power spectra. These
new resonances are related to further coupled breathing
modes with different phase shifts between the individ-
ual skyrmion eigenexcitations—similar to the dynamics
of a one-dimensional skyrmion lattice in a ferromagnetic
nanostrip [20]. Such synthetic AFMs with an increased
number of magnetic layers have been discussed to host
antiferromagnetic skyrmions with enhanced thermal sta-
bility [7]. Consequently, the spectral analysis of the in-
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FIG. 6. Dependence on external dc magnetic field Hdc (Hac
applied across top layer only) for σ = −3 × 10−4 J/m2. (a)
Power spectra for small values of Hdc. Amplitude and line
shape of mode 1 change systematically. (b) PSD for selected
higher values of Hdc with strong changes of modes 1 and 2.
Dashed line shows a spectrum for large Hdc with Hac ap-
plied across all layers. (c) Resonance frequency for mode 1
increases slowly as a function of Hdc, while a strong decrease
is observed for mode 2. (d) Skyrmion core diameter for both
ferromagnetic layers in dependence of Hdc.
herent dynamic eigenexcitations in these extended multi-
layer systems may also be practically relevant. However,
a detailed discussion of this significantly more complex
scenario is beyond the scope of the present work. In-
stead, the remainder of this paper contains a more in-
depth analysis of skyrmion breathing modes in a system
with only two antiferromagnetically-coupled layers.
2. Role of External Magnetic Field Hdc
Figure 6 illustrates the dependence of the skyrmion
breathing dynamics on the external magnetic dc field Hdc
for σ = −3 × 10−4 J/m2. While the dc field is present
in all layers, the time-varying magnetic field is only ap-
plied to the top layer. As expected for a synthetic AFM,
and in stark contrast to ferromagnets [24], applied dc
fields of comparably low magnitude do not lead to observ-
able variations of the resonance frequencies, see Fig. 6(a).
However, for the in-phase breathing mode at 6.0 GHz the
peak magnitude and the line shape do depend on the
dc field. First, the peak height increases with the abso-
lute value of the dc magnetic field. In addition to that,
the line shape clearly changes its symmetry at smaller
positive field values between 13 and 25 mT. By contrast,
the higher-order modes remain nearly unaltered. Only
at higher fields does the anti-phase mode shift towards
lower frequencies. Two selected power spectra at higher
dc fields are depicted in Fig. 6(b) and compared to the
simulated curve for zero field. In addition, a spectrum
for µ0Hdc = 625 mT is displayed for the case of the ac
field being applied across all layers (dashed blue curve).
Clearly, in contrast to small dc fields (cf. bottom panel
of Fig. 3(a) where µ0Hdc = 50 mT), the in-phase mode
can be observed for this scenario due to the symmetry
breaking caused by the strong dc field. Consequently,
the application of a sufficiently large dc magnetic field is
expected to facilitate the experimental detection of the
in-phase breathing mode in a synthetic AFM. As shown
in Fig. 6(c), the resonance frequency of this mode re-
mains nearly unaffected even by large dc fields, whereas
for the anti-phase resonance a strong decrease can be
observed. The corresponding static skyrmion core di-
ameters in both magnetic layers are presented in Fig.
6(d). While the diameter of the skyrmion located in
the top layer increases significantly from about 40 nm to
more than 60 nm throughout the simulated field range,
the skyrmion in the bottom layer does not exhibit major
changes in its spatial extent. Typically, larger external dc
field values would cause the skyrmion in the bottom layer
to shrink in size, but this effect is counteracted by the
strong antiferromagnetic interlayer exchange coupling to
the skyrmion in the top layer which would make a greater
skyrmion diameter more favorable. Therefore, the green
curve in Fig. 6(d) represents a compromise between these
two competing effects. Note that even larger values of
Hdc lead to a breakdown of the skyrmion state for the
given synthetic AFM. Moreover, negative values for Hdc
lead to larger skyrmion diameters in the bottom layer,
while the size of the skyrmion in the top layer does not
undergo strong changes. The systematics for the power
spectra remains the same as for positive magnetic fields.
Finally, we note that the effect of an increasing difference
in skyrmion core diameters towards larger Hdc values be-
comes less pronounced at higher interlayer exchange cou-
pling strengths.
3. Dependence on Saturation Magnetization Ms
Aside from the previously discussed variations of the dc
magnetic field, it is clarified in Fig. 7 that also changes in
the saturation magnetization Ms of both layers can alter
the skyrmion breathing dynamics in the considered syn-
thetic AFM. In analogy to the case of small applied dc
fields [cf. panel (a) in Fig. 6], a change in the line shape
symmetry of mode 1 can also be observed for variations
of the saturation magnetization Ms in both magnetic lay-
ers as shown in Fig. 7(a). This behavior also resembles
the line-shape changes presented in Fig. 3(b) which arise
due to the varying ac magnetic field frequency and can
be attributed to the different phase relationships among
the activated modes. Figure 7(b) clarifies that, in addi-
tion to the line shape changes, the resonance frequency of
mode 1 shifts in a nontrivial way as a function of µ0Ms,
710
10-16
10-15
10-14
10-13
10-12
PS
D
 (a
rb
. u
ni
ts
)
Varying m0 Ms (T)
 0.90    1.05 
 0.95  1.10
 1.00  1.15
f (GHz) s = -3 x 10-4 J/m2
3 30
(a)
0.8 1.0 1.2
4
8
12
16
M
od
e 
1 
(G
H
z)
m0Ms (T)
(b) 20
30
40
50
M
od
e 
2 
(G
H
z)
0.8 1.0 1.2
20
40
60  Top layer Bottom layer
Sk
yr
m
io
n 
co
re
 d
ia
m
et
er
 (n
m
)
m0Ms (T)
(c)
FIG. 7. Dependence on saturation magnetization Ms in
both layers (Hac applied across top layer only) for σ =
−3 × 10−4 J/m2. (a) Power spectra for selected saturation
magnetization (Ms) values of the ferromagnetic layers. (b)
Resonance frequencies shift in a different way for modes 1
and 2 as a function of Ms. (c) Skyrmion core diameter for
both ferromagnetic layers in dependence of Ms.
while it exhibits a nearly linear behavior in the case of
mode 2. At low values of µ0Ms, the resonance frequency
of mode 1 decreases upon increasing µ0Ms and displays
a local minimum at 1.0 T. This is followed by a slow in-
crease towards larger values of µ0Ms, a local maximum
at 1.15 T and a subsequent decrease. As shown in 7(c),
the increase in the saturation magnetization from 0.75
to 1.25 T entails a growing skyrmion core diameter from
around 11 nm up to 60 nm in both magnetic layers, while
the relative size difference remains equally small due to
the strong antiferromagnetic coupling. In the previously
discussed classical picture larger values of Ms would cor-
respond to an increasing mass of each of the two harmonic
oscillators, leading to lower eigenfrequencies. While this
simple model correctly explains the behavior of mode 2,
in the case of mode 1 it is only applicable for low µ0Ms
values up to 1.0 T. For higher values of µ0Ms, however,
the interplay with the higher-order modes and the com-
petition of various micromagnetic energies are the cause
of an unexpected behavior. In fact, a similar systematics
is observed for variations of the DMI parameter D or the
exchange stiffness A, as well as for other values of the
interlayer exchange coupling strength σ.
For the experimental detection of breathing oscillations
in antiferromagnetically-coupled multilayers, as well as
for skyrmion sensing in general, both the in-phase and
anti-phase modes are suitable candidates when the sys-
tem is excited at their respective resonance frequencies.
In practice, the scenario of an ac field being applied across
the entire synthetic AFM is clearly more realistic than to
assume its presence only within a single layer. We em-
phasize that the former case will require a sufficiently
large dc magnetic field to break the symmetry and thus
enable the detection of the in-phase breathing mode, see
Fig. 6(b). By contrast, the anti-phase mode is expected
to be experimentally detectable in a more straightforward
way. Furthermore, we point out that the unique depen-
dence of the eigenfrequencies on the external dc field and
the saturation magnetization will allow to draw detailed
conclusions about the skyrmion states from the spectral
analysis. As has been shown, it may be also worthwhile
to utilize higher excitation frequencies (f ≈ 100 GHz)
and deduce further information about fundamental mag-
netic parameters from the interplay of various spin exci-
tation modes. For instance, while the magnitude of the
anti-phase mode remains large for different values of Ms,
both the line shape and the magnitude of the in-phase
mode are clearly more sensitive to variations of this mag-
netic parameter.
C. Breathing Modes in Synthetic Ferrimagnets
In the following, we will discuss how the coupled
skyrmion breathing dynamics is altered in the case of
a synthetic ferrimagnet, i.e., the same trilayer system
as depicted in Fig. 1, but now containing unbalanced
antiparallel moments in the two ferromagnetic layers.
For the sake of simplicity, we assume varying values of
the saturation magnetization Ms only in the top layer
while keeping the bottom-layer magnetization constant
at µ0Ms = 1.0 T. The calculated static skyrmion core
diameters for the two magnetic layers are depicted in
Fig. 8(a) and (b) for two different coupling strengths σ.
While for the stronger interlayer exchange coupling the
skyrmion size is nearly identical in both layers, in the case
of a weak coupling the individual skyrmion core diame-
ters differ significantly over a broad range of top-layer Ms
values.
Fig. 8(c) and (d) displays the evolution of the res-
onance frequency for the two lowest-lying eigenmodes
with varying top-layer Ms in the case of weak and strong
antiferromagnetic coupling, respectively. Both the in-
phase and anti-phase mode resonance frequencies de-
crease monotonically as a function of the top layer Ms.
While the separation between the two modes remains
large throughout the entire range of Ms values in the
case of strong interlayer exchange coupling (σ = −3 ×
10−4 J/m2), for σ = −2× 10−5 J/m2 the anti-phase res-
onance mode closely approaches the in-phase resonance
frequency until it vanishes at µ0Ms = 1.1 T, where only
the in-phase mode can be observed. Towards even higher
values of Ms, a second resonance mode reappears in the
power spectrum. However, as can be seen in Fig. 8(e),
exemplary snapshots of this mode for µ0Ms = 1.25 T
demonstrate that this is not a straightforward continua-
tion of the anti-phase breathing excitation, but instead a
newly emerging non-radial mode. In detail, the top layer
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FIG. 8. Static skyrmion core diameters for varying Ms in
the top layer and constant µ0Ms = 1.0 T in the bottom layer
are presented in the case of (a) σ = −2× 10−5 J/m2 and (b)
σ = −3× 10−4 J/m2. Panels (c) and (d) show the resonance
frequency for the two lowest-lying modes as a function of Ms
in the top layer for both coupling strengths. Snapshots (cal-
culated in analogy to Fig. 5) of a newly emerging, non-radial
dynamic mode at higher Ms are displayed in (e) and (f).
exhibits a mode that is reminiscent of the quadrupolar
distortion discussed in Ref. [14], while the bottom layer
still shows a pure breathing mode. Interestingly, a sim-
ilar behavior is observed for high Ms values in the case
of stronger interlayer exchange coupling. As shown in
Fig. 8(f), the higher coupling strength implies that the
bottom layer also exhibits deviations from a radially sym-
metric breathing mode. Comparable nonradial skyrmion
eigenmodes have also been predicted by Kravchuk et al.,
albeit for the case of a single (compensated) antiferro-
magnetic film [27], while in the present work we only ob-
serve such excitations for a sufficiently uncompensated,
synthetic ferrimagnet trilayer that hosts skyrmions with
relatively large diameters. In addition, our calculations
indicate that such non-radial excitations do not occur in
single ferromagnetic layers for which we have assumed
identical simulation parameters as for the trilayer sce-
nario. Therefore, the occurrence of these modes is char-
acteristic for interlayer exchange-coupled skyrmions in
uncompensated synthetic ferrimagnets. Also, it should
be noted that the lowest-lying (in-phase) mode does not
exhibit any deviations from the radial breathing dynam-
ics at any of the considered values of Ms. Furthermore,
while Fig. 8 only includes the case of the ac magnetic field
being applied across the top layer, the same modes can
be excited by exposing only the bottom layer or even the
entire trilayer structure to the oscillating external field.
Lastly, in contrast to synthetic AFMs (see Fig. 3), the
non-vanishing total magnetization of synthetic ferrimag-
nets implies that the in-phase breathing mode also leads
to a strong signature in the power spectrum even when
the ac magnetic field is applied across all layers. In the
case of synthetic AFMs, a symmetry-breaking and suffi-
ciently large dc magnetic field along the z-axis is required
to make the in-phase breathing mode experimentally ac-
cessible.
In conclusion, a variety of resonance peaks related to
coupled breathing modes can be expected to be detected
in microwave impedance spectroscopy experiments for
both synthetic ferri- and antiferromagnets. In such ex-
periments, it will be of major importance to utilize mate-
rials with damping parameters that are as low as possible
in order to detect signatures of coupled breathing modes
[43]. Ultimately, as the simulations show, the dynamic
fingerprint of the coupled breathing modes, that is, the
presence or absence, position, shape and number of res-
onances, will allow to draw conclusions about the un-
derlying magnetic interactions and parameters. So far,
the numerical calculations have implied the excitation
of breathing modes by means of time-varying magnetic
fields. From the experimental point of view, spin torques
constitute an intriguing alternative to excite such mag-
netization dynamics. In the last part of this work, we
will demonstrate that the excitation of coupled breath-
ing modes in synthetic AFMs can also be realized with
different types of spin torques.
D. Excitation of Breathing Modes with Spin
Torques
In this part, we will show that the results obtained for
the application of ac magnetic fields can be qualitatively
reproduced when utilizing spin-transfer torques (STTs)
for the excitation of the skyrmion breathing modes. In
analogy to the excitation of resonance modes with ac
magnetic fields, providing torque to only one ferromag-
netic layer will allow to drive the system in an unbalanced
manner. Moreover, it will be demonstrated that torques
present in all layers can also lead to clear signatures of
breathing modes in the power spectra. In order to model
STTs in our micromagnetic simulations with oommf, the
following term is added to the right-hand side of the LLG
equation which is given in Eq. (2) [31, 44–46]:
STT = |γ0|β [ (m×mp ×m)− ′ (m×mp)] . (4)
For the considered synthetic AFM, we set the electron
polarization direction as mp = (0, 0, 1), that is, perpen-
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FIG. 9. Comparison of power spectra obtained for mag-
netization dynamics excited by an ac magnetic field with
f = 100 GHz across the top layer and by a purely damping-
like spin-transfer torques for an antiferromagnetic coupling
strength of σ = −3 × 10−4 J/m2. Spin currents are assumed
to exhibit a spin polarization along the (0, 0, 1) or (0, 1, 1)
direction, and to be present in either the top layer or in all
layers. Inset shows an enlarged view of the pink curve from
the main panel.
dicular to the layers, or as mp = (0, 1, 1) in order to con-
sider an additional in-plane component. The spin current
is assumed to be injected from an additional fixed mag-
netic layer beneath (or on top of) the synthetic AFM
structure. Furthermore, we assume that spin torques are
exerted in either one or both ferromagnetic layers.  and
′ correspond to the effective spin polarization efficiency
factors for the damping- and field-like torques, respec-
tively. More specifically,  can be written as
 =
PΛ2
(Λ2 + 1) + (Λ2 − 1)(m ·mp) . (5)
P denotes the spin polarization and Λ is a dimensionless
parameter of the model [46]. Finally, the other dimen-
sionless parameter β explicitly included in Eq. 4 is given
by
β =
∣∣∣∣ h¯µ0
∣∣∣∣ JtFLMs , (6)
where h¯ is the reduced Planck’s constant, µ0 the vac-
uum permeability, J the current density that exerts the
spin-torque and tFL the thickness of the (free) layer that
is subject to the STT. Figure 9 depicts an exemplary
comparison of power spectra obtained for magnetization
dynamics excited by an ac magnetic field applied across
the top layer (violet curve) and by a purely damping-
like STT for the case of strong antiferromagnetic cou-
pling with σ = −3 × 10−4 J/m2. We consider the three
following scenarios for the modeled spin currents: (i)
spin polarization along (0, 0, 1) and STT only modeled in
the top layer (orange curve), (ii) the extended case with
STT present in both ferromagnetic layers (pink curve),
and (iii) electron polarization direction along (0, 1, 1) and
STT only in the top layer (green curve). For these three
scenarios, all eight resonance modes occur at identical
frequencies in the spectra for the simulated damping-like
STT ( 6= 0, ′ = 0) with only minor differences in their
magnitude compared to the modes excited by a mag-
netic field. While the magnitude can be controlled by
the variation of parameters like P or J , we note that
the observed systematics is universal and, importantly,
independent on the nature of the STT. In other words,
purely field-like STTs ( = 0, ′ 6= 0) or mixtures of
the two STT types ( 6= 0, ′ 6= 0) lead to qualita-
tively similar power spectra. Considering the exemplary
graphs in Fig. 9, the results for mp = (0, 0, 1) and STTs
present in one ferromagnetic layer (orange curve) show
the strongest similarities with the spectrum that is re-
lated to magnetization dynamics excited by an ac mag-
netic field across the top layer (purple curve). However,
this scenario is assessed to be challenging for current ex-
perimental realization. By contrast, the case of STTs in
both magnetic layers (pink curve) can be implemented
by passing a spin-polarized current through the entire
synthetic AFM structure. Similar to the case of a mag-
netic ac field applied across all layers as shown in Fig.
3, the in-phase breathing mode is strongly suppressed,
but still present (see inset of Fig. 9). Lastly, it should be
noted that aside from STTs, spin-orbit torques (SOTs)
may constitute a promising alternative for the excitation
of skyrmion breathing dynamics in synthetic AFMs. In a
previous work, it has been experimentally demonstrated
for ferromagnetic multilayers that breathing-like excita-
tions of skyrmions can be induced by spin-orbit torques
[47]. For the case of synthetic AFMs with perpendicu-
lar anisotropy, the exploitation of novel types of SOTs
originating from materials with reduced crystalline sym-
metry [48–50] such as non-collinear AFMs [51, 52] is de-
sirable, since a spin polarization component along the
z-axis is required to excite breathing modes in these sys-
tems. By contrast, a comparably high crystalline symme-
try of regular spin-source materials that provide current-
induced SOTs usually restricts applications to magnetic
devices with in-plane anisotropy [48]. For the case of
spin currents generated from materials with reduced crys-
talline symmetries, the spin polarization can also have
other contributions than solely the z-component. Here,
by proving that breathing modes can also be excited by
spin currents with mp = (0, 1, 1) (green curve in Fig.
9) we conclude that experiments with novel SOTs can
be expected to provide new results and possibilities with
regard to dynamic excitations of skyrmions in synthetic
AFMs. Note that for the example of mp = (0, 1, 1),
an additional feature in the spectrum (green curve) oc-
curs at f = 4 GHz due to the simultaneous excitation of
skyrmion gyration modes in this scenario.
IV. SUMMARY AND CONCLUSION
In this work, we have numerically studied the breath-
ing dynamics of skyrmions in synthetic AFM structures
composed of two ferromagnetic layers that are separated
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by a nonmagnetic spacer. It was shown that varying the
strength of the RKKY-like coupling through the metal-
lic spacer layer allows for tuning the dynamic proper-
ties of in-phase and anti-phase breathing oscillations in
a well-controlled way. In addition to that, the different
response of the two major types of coupled breathing
modes to alterations of magnetic parameters, such as the
saturation magnetization, was presented in detail. More-
over, the systematics of in-phase and anti-phase breath-
ing modes was discussed for the case of synthetic ferri-
magnets. Aside from the characteristic dependence of
resonance frequencies on the varying saturation magne-
tization of the individual magnetic layers, it was demon-
strated that novel, non-radial dynamic modes can emerge
for a sufficiently high degree of imbalanced moments in
the two ferromagnetic layers. Furthermore, both field-
and damping-like STTs have been shown to represent an
alternative means to excite skyrmion breathing dynamics
in magnetic multilayers with antiferromagnetic interlayer
exchange coupling. In conclusion, it has been proven that
the spectral analysis of coupled breathing modes in syn-
thetic AFMs offers a promising approach for the detec-
tion and detailed characterization of skyrmions. In par-
ticular, measurements of magnetoresistive signals mod-
ulated by the in-phase or anti-phase resonant breathing
oscillations are expected to allow for electrical detection
of magnetic skyrmions in synthetic AFMs.
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